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Summary
Objective: To demonstrate the ability of a novel radiographic technique, Diffraction Enhanced Radiographic Imaging (DEI), to render high con-
trast images of canine knee joints for identiﬁcation of cartilage lesions in situ.
Methods: DEI was carried out at the X-15A beamline at Brookhaven National Laboratory on intact canine knee joints with varying levels of
cartilage damage. Two independent observers graded the DE images for lesions and these grades were correlated to the gross morphological
grade.
Results: The correlation of gross visual grades with DEI grades for the 18 canine knee joints as determined by observer 1 (r2¼ 0.8856,
P¼ 0.001) and observer 2 (r2¼ 0.8818, P¼ 0.001) was high. The overall weighted k value for inter-observer agreement was 0.93, thus con-
sidered high agreement.
Conclusion: The present study is the ﬁrst study for the efﬁcacy of DEI for cartilage lesions in an animal joint, from very early signs through
erosion down to subchondral bone, representing the spectrum of cartilage changes occurring in human osteoarthritis (OA). Here we show
that DEI allows the visualization of cartilage lesions in intact canine knee joints with good accuracy. Hence, DEI may be applicable for following
joint degeneration in animal models of OA.
ª 2006 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Diffraction Enhanced Radiographic Imaging (DEI) has been
used experimentally for the imaging of human and animal
cartilage and other soft tissues, allowing visibility of both nor-
mal and damaged states. DEI is currently carried out at the
National Synchrotron Light Source (NSLS), Brookhaven Na-
tional Laboratory which provides an X-ray beam of high ﬂux.
Although an X-ray beam of the same ﬂux has not yet been
developed outside of a synchrotron setting, the capability of
doing so is possible. Regardless of the portability of the tech-
nology at the present time, DEI presents a noninvasive imag-
ing technique that can be carried out on both humans and
animals without an increase in X-ray dosage.
DEI applies selectivity to the angular deviation of X-rays
traversing the subject to provide images of high contrast
as well as tissue properties other than the attenuation of
conventional radiography1,2. It uses a collimated X-ray
beam produced by a perfect crystal monochromator.
When this beam passes through the subject, a matching
analyzer placed between the subject and the detector con-
verts the angular changes in the beam into intensity
changes3. The angular sensitivity of DEI allows measure-
ment of the gradient of the X-ray index of refraction, and
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Received 17 May 2005; revision accepted 24 February 2006.88of ultra-small-angle scattering of the subject, in addition to
the X-ray attenuation. Since the DEI contrast mechanism
does not rely simply on the absorption of the subject, it is
ideally suited for the imaging of skeletal elements, cartilage,
and other soft tissues simultaneously.
Because of these contrast qualities, we have previously
applied DEI to the imaging of articular cartilage, both
ex-vivo4,5 and in-situ6,7withgood results.However, a system-
atic in-situ study in ananimalmodel of articular cartilage dam-
age has not previously been carried out. The importance of
this lies in the fact that cartilage is invisible with conventional
radiography. Although magnetic resonance imaging (MRI) is
currently being applied to the detection of morphological car-
tilage degeneration and changes in proteoglycan con-
tent8e19, it is a worthwhile goal to determine the capacity of
DEI technology for early cartilage lesions in-situ both since
DEI capturesdifferent tissuequalities thanMRI, followsdiffer-
ent physical principles, and can be utilized at a higher resolu-
tion. Here we demonstrate that DEI provides the imaging
contrast to detect early cartilage lesions in a canine model
of cartilage damage using gross morphological appearance
as the standard of reference.
Materials and methods
SPECIMEN COLLECTION AND PREPARATION
Eighteen intact knee joints from nine canines that were
utilized for an unrelated study (with IACUC approval) were
preserved in 10% formalin and used for the present study.2
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effect on the results of DEI4. Each knee joint was opened
from the anterioremedial approach. Lesions were made
with miniature chisels and ﬁles on the femoral condyles.
In order to maintain the transverse ligaments, lateral and
medial menisci, and anterior and posterior cruciate liga-
ments, tibial lesions were made only on the articular carti-
lage uncovered by menisci. Synovial ﬂuid was collected
with a syringe for placement back into the joint just prior
to its closure. Lesions were made according to the following
scale: Grade 0¼ normal cartilage with a smooth glassy ap-
pearance; Grade 1¼ focal superﬁcial ﬁbrillation occupying
approximately only the most superﬁcial 50e75 mm; Grade
2¼ ﬁssuring or ulceration; Grade 3¼ loss of 30% or less
of cartilage from the articular surface; and Grade 4¼ loss
of more than 30% of cartilage from the articular surface20.
The grade assigned to the joint was the highest grade ob-
served for a particular joint. These lesions were created
by an individual other than those who performed the DEI im-
age grading. Each joint was sutured tight with 3e0 silk
surgical suture material.
DEI SYSTEM
Planar radiographic imaging in both Anterior/Posterior
(AeP) and oblique views was carried out at the X-15A
beamline at the NSLS, Brookhaven National Laboratory,
Upton, NY. The DEI technique has previously been descri-
bed1,2,4e6, but brieﬂy, a collimated fan beam of X-rays is
prepared by a silicon [3,3,3] double crystal monochromator.
The imaging beam is 130 mm wide and 3 mm high at the
location of the object. The canine knee specimens to be
imaged were mounted on a scanning stage driven with
a stepping motor. The X-ray beam transmitted through the
object could be either imaged directly, as in ‘‘standard radi-
ography’’, or after diffraction in the vertical plane by means
of the silicon crystal analyzer to acquire the DEI image. The
analyzer detects the object’s X-ray scattering and refraction
at the microradian level, a sensitivity for tissues of similar
densities beyond that of conventional radiography.
The peak, or 0 point of the rocking (or intensity) curve is
the point at which the greatest absorption information
is gathered. To extract refraction information, the analyzer
is generally set to the half-intensity points on the negative
and/or positive slope of the intensity curve. At these points,
subtle angle variations are converted into intensity varia-
tions, which make refraction effects visible in DEI images.
Thus, all DEI images were taken at 40 keV and at 0.8,
0, and þ0.8 mrad points of the intensity curve, since it has
previously been established that the slope of the intensity
curve is optimal for cartilage imaging due to the refraction
effects at the cartilage edges5,6. The distance between
the subject and the detector is 1 m. The image of the sub-
ject is formed by scanning the subject and detector at the
same speed through the fan beam. The reproducibility of
the images is maintained by monitoring the intensity of
the diffracted X-rays by an analyzer crystal just prior to
imaging with a digital detector (Shad-o-Box 2048 X-Ray
Camera, Rad-icon Imaging Corp., Santa Clara, CA). The
resolution of the image obtained is limited by detector reso-
lution which is approximately 50 microns.
We have previously tested for DEI variations for the same
specimen on different occasions of imaging and have found
no differences (unpublished data). Thus, intra-machine var-
iability was not tested in the present study.
Depending on the current of the electron storage ring,
the skin dose delivered was measured with an ionchamber and maintained by adjusting the speed of each
scan. Using the CCD camera as the detector, the total
dose delivered to the specimen was 0.12 mGy per image.
This dose is well below the typical dose of 0.2 mGy with
screen-ﬁlm or digital systems used for diagnostic X-rays
of the extremities.
POSTIMAGING PROCESSING
The raw data (.img format) which were acquired with the
digital detector were converted to image data (.tiff format) by
using IDL5.4 software (The Research Systems, Inc., Boul-
der, CO).
GRADING
Two independent observers were previously trained in
the scoring of DEI images in correlation to their gross mor-
phological cartilage grades from both human and animal
synovial joints through extensive review of the actual spec-
imens and their images side by side over the past several
years. Because DEI provides direct imaging of the sample,
the appearance of lesions on DEI images, in general,
mimics those seen grossly, as in depth and in morphology.
Thus, no assumptions need to be made concerning signal
intensity, etc. and what is visible in a DEI image is a direct
representation of the sample. The observers (who were
blinded with regard to the lesion grades) graded each DEI
image for the highest grade of cartilage damage on the joint
surface (under 20 with a stereomicroscope) according to
the scale listed above under Specimen Collection and Prep-
aration. Inter-observer agreement for DEI grades was as-
sessed with the weighted k statistic. Correlation of DEI
image score with the gross score (as the gold standard)
was assessed with Pearson correlation coefﬁcient. Sensitiv-
ity and speciﬁcity of DEI for detection of cartilage damage
were evaluated using the gross morphologic scores.
INDIA INK STAINING AND HISTOLOGICAL PREPARATION
For purpose of visualization of Grade 1 lesions in the pho-
tographs, these specimens were patted lightly with India Ink
and rinsed. Histology was also performed to deﬁne the ex-
act level of damage. This was carried out by removing the
damaged area, down to subchondral bone, with a scalpel,
with subsequent parafﬁn embedding, sectioning at 6 mm,
and staining with Safranin-O/Fast green.
Results
GROSS VISUAL GRADES OF SPECIMENS
The grades of cartilage damage for the joints were cate-
gorized as follows: four at Grade 0; three at Grade 1; four at
Grade 2; three at Grade 3; and four at Grade 4.
CORRELATION OF GROSS MORPHOLOGICAL GRADES
WITH DEI IMAGE GRADES
The correlation of gross visual grades with DEI grades
(as assessed from the refraction images; 0.8, 0, and
þ0.8 mrad of the rocking curve) for the 18 canine knee joints
as determined by observer 1 (r2¼ 0.8856, P¼ 0.001) and
observer 2 (r2¼ 0.8818, P¼ 0.001) is shown in Fig. 1.
The overall weighted k value for inter-observer agreement
was 0.93, thus considered high agreement.
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The sensitivity of DEI to allow visualization of varying de-
grees of cartilage degeneration was assessed by the follow-
ing formula: true positivesO (true positivesþ false
negatives) 100. True positives were deﬁned as all speci-
mens with a gross grade of 1 (ﬁbrillation or ﬁrst signs of car-
tilage degeneration) or higher. False negatives were
deﬁned as those specimens with a DEI grade less than
the gross grade. The sensitivity for each grade category in-
dividually is as follows: Grade 1¼ 100%; Grade 2¼ 100%;
Grade 3¼ 100%; and Grade 4¼ 80%.
The speciﬁcity of DEI to allow identiﬁcation of cartilage
degeneration at the exact level of degeneration and not at
a higher level was assessed by the following formula: true
negativesO (true negativesþ false positives)  100. True
negatives were deﬁned as all specimens with a gross grade
lower than the DEI grade. False positives were deﬁned as
those specimens with a DEI grade higher than the gross
grade. The speciﬁcity for each grade category individually
is as follows: Grade 1¼ 67%, Grade 2¼ 78%, Grade
3¼ 100%, and Grade 4¼ 100%.
LESION CHARACTERISTICS
Knee joints that displayed smooth, normal-looking articu-
lar cartilage grossly, most often (see explanations below for
discordant grades) also appeared so in their DEI images
whereby the edges between the articular surface and the
synovial cavity appeared sharp and smooth (Fig. 2). It
was generally easy to distinguish when heterogeneity, in
what might appear to be within the cartilage, was actually
from superimposed soft tissue such as fat and loose con-
nective tissue. If the heterogeneity could be followed
beyond the cartilage edge, then it could be assumed to
be outside the cartilage tissue itself. Additionally, compari-
son between the AeP and oblique views shed further light
as to the location of the heterogeneities, as superimposed
tissue could be isolated further from the cartilage in the
oblique view.
An example of a Grade 1 joint can be seen in Fig. 3(a).
The histology [Fig. 3(b)] of the lesion within the specimen
was carried out in order to substantiate the level of damage.
In the DEI image, surface ﬁbrillation could be identiﬁed as
a disruption in the articular cartilage edge e the smooth
crisp edge was replaced by a slight haziness at the site of
the ﬁbrillation [Fig. 3(c)]. The extent of the cartilage into
the joint cavity could be discerned, but its edge was not
as clear as surrounding regions that were not ﬁbrillated.
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Fig. 1. Correlation between gross and DEI grades for the canine
knee joints.Deeper lesions into the cartilage that would mimic natu-
rally occurring ﬁssures (Grade 2), appeared as contrast het-
erogeneities with a size and shape consistent with the
lesions as observed grossly. Figure 4(a) is an example of
a specimen displaying focal Grade 2 lesions. In this partic-
ular specimen, the lesions were located on the anterior
aspect of the femoral condyle while the inferior aspect dis-
played normal cartilage. In the DEI image of this specimen
[Fig. 4(b)], it is clear that the inferior aspect of the femoral
condyle displays a smooth, crisp edge. However, contrast
heterogeneities can be seen within the substance of the
cartilage, thus indicating that these cartilage heterogene-
ities may be in a plane that is superimposed by normal
cartilage. In fact, these contrast heterogeneities represent
the Grade 2 lesions of the anterior aspect of the femoral
condyle which is superimposed by normal cartilage in the
imaging plane. Thus, deciphering the exact location of
superimposed lesions is more difﬁcult in this planar modal-
ity. Only by comparing the AeP and oblique views could the
distinction be made between a localized ﬁssure and one or
more that extended through the cartilage depth horizontally.
Erosions of the cartilage down to subchondral bone were
readily identiﬁed due to the disappearance of the sharp
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Fig. 2. Photograph (a) and DEI image (b) of a canine knee joint with
normal cartilage. The smooth, sharp edges of the articular surfaces
are shown at the arrows along with a cruciate ligament which is
labeled. (c) Another DEI image of a Grade 0 joint. The vertical
gray line is an artifact from the detector.
885Osteoarthritis and Cartilage Vol. 14, No. 9cartilage edge over a portion of the articular surface in the
DEI images (Fig. 5). This was accompanied by the appear-
ance of a ragged edge that led down to the subchondral
bone (Fig. 5). If the appearance of cartilage loss extended
to 30% or less of the visible cartilage surface, it was a Grade
3 classiﬁcation. If the cartilage loss appeared to extend to
more than 30% of the entire surface, it was Grade 4 (Fig. 6).
Compared to the gross grades, there were four discor-
dant scores for observer 1 and ﬁve for observer 2; all
were within 1 grade of the gross grade. Four (22%) were
higher and one (6%) was lower than the gross grade. The
four higher grades were all in the Grade 0 and 1 categories
where the level of cartilage damage was overestimated by
one grade. None of Grades 1 or 2 were underestimated in
severity of damage. One Grade 4 was underestimated to
be a Grade 3. The reason for this was that there was an
overriding peripheral edge of cartilage superimposing this
cartilage loss, and parallel to the X-ray beam, making it
appear that there was more cartilage present than there ac-
tually was. However, it could be discerned by the rough-
ened region at the level of the subchondral bone that
there was full-thickness cartilage loss at least on a portion
of this articular surface (Fig. 6).
Figure 7 is an example of an AeP radiograph showing
the anterior and posterior cruciate ligaments.
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Fig. 3. Photograph of India Ink stained (a), histological section (b)
and DEI image of a Grade 1 joint. In the DEI image, the focal car-
tilage ﬁbrillation can be seen as a disruption of the crisp line, char-
acteristic of undamaged cartilage, at the articular surface (arrows).
Additionally, there is a slight loss of homogeneity within the carti-
lage at these points. Areas of normal, nonﬁbrillated cartilage display
a smooth, sharp edge.Discussion
Osteoarthritis (OA) involves pathological changes in both
cartilage and bone, but early signs of OA cannot be imaged
through conventional radiographic means due to the lack of
contrast for cartilage. DEI, however, is a radiographic tech-
nique that selects photons according to their angle of devi-
ation (at the microradian level) from the analyzer crystal to
the image detector. In so doing, it is capable of rendering
images of high contrast and without scatter. Furthermore,
DEI refraction images can capture the refraction character-
istics of tissues while displaying the same contrast as the
absorption images. Because we have previously shown
that DEI refraction images, taken from the half-intensity
points of the X-ray intensity curve, provide the best cartilage
image, it was refraction images that were used for the pres-
ent study.
The study of OA, and other musculoskeletal disorders, is
often carried out in animal models in an attempt to repro-
duce the events occurring in human synovial joints. How-
ever, these events cannot be followed longitudinally
without an imaging technique of a resolution sufﬁcient for
cartilage damage on the order of 100 microns or less. We
edges of
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by undamaged cartilage
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tendon
b
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tibia
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Fig. 4. Photograph (a) and DEI image (b) of a Grade 2 joint showing
contrast heterogeneities (arrows) in the DEI image. These contrast
heterogeneities are focal Grade 2 lesions in the cartilage surface of
the anterior aspect of the femoral condyle but, due to the nature of
planar imaging, they are superimposed by the normal cartilage
(short arrows) of the inferior articular surface of the femoral condyle.
The refractive edges of a tendon are also seen. This structure can
be delineated from the cartilage by simply following its anatomy lon-
gitudinally through the joint. The edges of the ﬁbrocartilagenous
meniscus have been pointed out. A slight space is seen between
the superior and inferior edges of the meniscus and the articular
cartilage of the femoral condyle and tibia, respectively.
886 C. Muehleman et al.: DEI for canine jointshave previously shown that DEI allows the visualization of
the articular cartilage of rabbit knee joints6. The present
study, however, is the ﬁrst animal joint study for the efﬁcacy
of DEI for varying levels of cartilage lesions, from very early
signs through erosion down to subchondral bone. These
signs provided a spectrum of cartilage changes representa-
tive of those occurring in human OA. Here, we have shown
that DEI provides high contrast images in which early mor-
phological changes in canine cartilage in situ can be visual-
ized with some degree of accuracy. The limit of resolution of
the current DEI experimental set-up is that of the imaging
detector, approximately 50 mm. Thus, any early grossly vis-
ible cartilage lesions should, theoretically, be visualized with
DEI either as surface interruptions or as contrast heteroge-
neities within the cartilage itself. However, since DEI
currently operates in the planar mode, with all tissues tra-
versed by the X-ray beam being imaged simultaneously,
any superimposed tissue may also create, what might ap-
pear to be, heterogeneities within the cartilage. This prob-
lem can be drastically reduced by both identifying the
extent of the heterogeneity in question (as to whether or
not it extends beyond the cartilage) and also by imaging,
if necessary at two different angles with respect to the
X-ray beam. Since the X-ray dose of DEI is less than that
of conventional radiography (0.12 mGy vs 0.2 mGy, respec-
tively), multiple images do not pose a danger to the subject
or patient. Furthermore, although three images were taken
in the present study simply for experimental purposes e
only one image on either side of the X-ray intensity curve
is needed to provide the full spectrum of information regard-
ing the specimen. The image at the peak of the intensity
curve provides X-ray attenuation information which has
been shown not to be as informative as the refraction im-
ages at the half-intensity points of the X-ray intensity curve.
Normal cartilage appeared, on DEI images, to have
a crisp, smooth edge at its articular surface. Because the
weight-bearing regions of the joints are in AeP, oblique,
and lateral views, the cartilage that is generally the ﬁrst to
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Fig. 5. Photograph (a) and DEI image (b) of Grade 3 femoral con-
dyle and Grade 2 tibial plateau; there is full-thickness loss of carti-
lage in isolated regions (white arrows). The regions in which some
cartilage still remains are seen at the black arrows.show signs of degeneration is visible. However, degener-
ated cartilage in regions other than seen in these views
will depend upon computed tomographic imaging, which
is currently being developed in the DEI mode.
Grade 1 (ﬁbrillation) and Grade 2 (ﬁssuring) lesions were
identiﬁable because of their interruption in the cartilage
edge, leaving a hazy edge with depressions in the surface
corresponding to the depth and severity of the lesion. Grade
3, which involves the erosion of 30% or less of the articular
cartilage down to subchondral bone can generally be deci-
phered from Grade 4, erosion of more than 30% of the car-
tilage, although one Grade 4 specimen was underscored.
This was due to the loss of most of the cartilage in the cen-
ter of the tibia and the presence of cartilage around the
periphery which was parallel to the beam, thus, making it
appear that there was more cartilage present than actually
was present.
MRI has shown its ability for the noninvasive imaging of
cartilage in human and animal joints, particularly through
contrast agents such as gadolinium13e19, an injectable
agent of high magnetic moment. Although the gadolinium
technique has not yet been reported for the canine knee
joint, Baird et al.8 have shown that low-ﬁeld MRI displays ar-
ticular cartilage in the canine joint as an intermediate bright
signal, separated from trabecular bone by a dark line repre-
senting subchondral bone. For excised canine cartilage/
subchondral bone specimens, Xia et al.10 have shown
that microscopic MRI detects a topographical heterogeneity
over the joint surface. Additionally, this technology has been
shown by Xia et al.11 and Alhadlaq et al.12 to allow correla-
tion with polarized light microscopy for the order of collagen
ﬁbers within the cartilage zones.
The resolution for MRI, however, is limited by the coil de-
sign and, thus far, no study has demonstrated visualization
of early ﬁbrillation as shown in the present study. The clas-
siﬁcation used in studies of the utility of MRI for detection of
early lesions has utilized the Noyes21, or a modiﬁcation
of the Noyes, scale in which all lesions of less than 50%
of the cartilage thickness are classiﬁed together as early le-
sions. No differentiation is made between lesions occupying
the superﬁcial region only and those that extend down to
the 50% thickness level. In a recent paper by Masi et al.22
using artiﬁcial lesions in a porcine model, a lesion of less
than 50% of the total cartilage thickness was considered
a Grade 1 lesion and a lesion having a depth of more
than 50% was considered to be a Grade 2 lesion. Although
exact data were not given, the authors stated that Grade 1
lesions were detected less frequently than were Grade 2 or
Grade 3 lesions at 3.0 T. Thus, it is not possible to deter-
mine exactly how frequently Grade 1 lesions were detected
and how much less than 50% of the cartilage depth they oc-
cupied. So a direct comparison with the data of the present
study is not possible, however, with a Grade 1 lesion occu-
pying less than 30% of the total cartilage thickness, the sen-
sitivity of DEI for our Grade 1 lesions was 100% and the
speciﬁcity was 67%.
Batiste et al.23, comparing high-resolution MRI at 4 T and
micro-CT in an ex vivo rabbit model, determined that both
techniques could be used to detect clinically signiﬁcant car-
tilage lesions e clinically signiﬁcant being an erosion diam-
eter> 2 mm. The detection of minimal and overt ﬁbrillation,
surface irregularity and cracks was poor.
Thus, although several MRI studies do, indeed, allow
identiﬁcation of early morphological changes, the exact min-
imum level reported is either a partial thickness defect24 a
lesion that occupies a depth of at least 50% of the cartilage
thickness or a partial thickness lesion of less than 50%25,26.
887Osteoarthritis and Cartilage Vol. 14, No. 9Furthermore, the size of the defect can affect the accuracy
of detection26. Because the smallest geometrical change
that MRI can likely detect is on the order of a few hundred
micrometers (0.2e0.3 mm) it is unlikely to detect superﬁcial
ﬁbrillation27, whereas the resolution in the present study
was 50 mm. Thus, although there are reports for high sensi-
tivity and speciﬁcity for full and partial cartilage thickness
lesions, the ability to use MRI for the detection of smaller
lesions and surface ﬁbrillation has not been demonstrated.
In comparison, the scale used to identify cartilage lesions
in the present study is slightly more reﬁned in that lesions of
less than 50% of the cartilage thickness are further subdi-
vided into two grades: Grade 1 is represented by surface
ﬁbrillation, occupying approximately the most superﬁcial
50e75 mm, in the case of canine knee joint articular carti-
lage, and Grade 2 represented by ulceration or ﬁssuring
which extends down to 50% of the cartilage thickness.
DEI allows direct visualization of articular cartilage and
deviations from its normal morphology in the canine knee
joint. The intention of DEI development is not to replace
MRI, but rather to explore the ability of DEI as a noninvasive
radiographic means of detecting cartilage and other soft tis-
sue damage/degeneration through tissue characteristics,
such as X-ray attenuation and refraction, that are not
detected through MRI. Additionally, DEI is utilized without
contrast agents and may eventually be used on a small
group of patients that cannot be subjected to MRI such as
those with metal implants and pacemakers.
Although the current study was carried out on cadaveric
specimens, because of the low radiation dosage and imag-
ing times (approximately 3 min) that are shorter than those
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Fig. 6. Photograph (a) and DEI image (b) of a Grade 4 joint in which
there is extensive loss of cartilage down to subchondral bone (white
arrows). The cartilage remaining on the surface is seen at the black
arrows.for MRI, the technology lends itself to the imaging of live an-
imals under anesthesia. This suggests the possibility for
longitudinal studies of the progression of cartilage lesions
in vivo. Yet, whether or not the sensitivity and speciﬁcity
will persist in live animals remains to be determined by fu-
ture experiments. The fact that DEI technology is currently
carried out only at synchrotron sites certainly limits accessi-
bility. However, synchrotron facilities do, indeed, maintain
live animal facilities in which longitudinal studies on live an-
imals may be carried out. However, the greatest impact will
be brought to bear if DEI can be implemented using con-
ventional X-ray sources, a feat which is theoretically possi-
ble, but not yet attempted.
Another limitation of the study is that the cartilage lesions
were manufactured, and did not develop as a result of an ac-
tual degenerative process. However, great care was taken
to imitate natural lesions in their gross anatomical state.
In summary, DEI allows the radiographic imaging of car-
tilage lesions within the cadaveric canine knee joint with
good sensitivity and speciﬁcity. Thus, this novel technology
may eventually be considered for the longitudinal assess-
ment of cartilage lesions in vivo for the determination of
the efﬁcacy of treatment strategies.
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